A method is proposed for estimating the zero-pressure parameters of the high-pressure, high-temperature phases formed by intense shock loading of rocks and minerals. The method involves an empirical relationship between the zero-pressure mean molar volume and the slope at the base of the p:..y curve. Equations of state are fitted to shock-wave data for eighteen rocks and minerals. Most of the materials collapsed to a denser phase or assemblage of phases when shocked to sufficiently high pressure. If a phase change occurs, parameters of the high-pressure phase are found for a range of po from both the raw Hugoniot and an estimated metastable Hugoniot. The polymorphic transitions involve a considerable reduction in volume, ranging from 33 to 49% for feldspar and quartz-rich rocks such as albitite, anorthosite, and granite, 20% for such basic rocks as diabase and dunite, and about 12% for some dense already closely packed minerals such as spinel, hematite, and magnetite. The parameter (dK/dP) 0 , which is related to the Griineisen ratio, is found to decrease across phase changes and upon iron substitution. lNTHODUCTION Shock-wave data are at present the only sources of information on the compressibility and polymorphism of silicates and oxides at pressures in excess of 300 kb. These data complement the lower pressure ultrasonic and X-ray diffraction data and the relatively low-pressure, high-temperature phase equilibria studies on silicates and analog compounds.
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Prior to the availability of shock-wave data, discussions of the composition and crystal structure of the deep mantle relied heavily on the extrapolation of low-pressure data by means of semi-empirical equations of state (mainly the equations of Birch and Murnaghan) and on the study of materials thought to be useful analogs of materials in the earth's mantle. It is now possible to make direct comparisons of seismic data with the density and compressibility of a variety of materials tested with shockwave techniques.
Most silicates that have been shocked to sufficiently high pressure undergo solid-solid phase changes, which supports conclusions based on the behavior of analog compounds [Birch, 1952; Ringwood, 1966] . The behavior of these high-pressure phases as a function of temperature and pressure and their zero-pressure properties can be extracted from the present shock-wave data only after a variety of assumptions have been made.
As a first step in any reduction scheme it is convenient to fit the raw shock-wave data with a simple equation of state. 
where the adjustable parameters are K 0, the zero-pressure bulk modulus, and ~ which is % ( 4 -K'o) in which Ko' is the pressure derivative of K at P = 0. As initially derived, equation 1 is an isothermal equation of state, but, as Clark [1959] has pointed out, it is also appropriate, with different K 0 and ~' for adiabatic compression. It is also a useful two-parameter equation for fitting raw Hugoniot data. For most isothermal compression experiments J~I < 0.5, with zero being its most frequent value [Birch, 1952] . The raw Hugoniot data have also been fitted to a Murnaghan equation of state PH = (Ko/n) ( 2) where Ko and n are the adjustable parameters.
The parameter n is Ko', a number close to 4 for many elements and compounds. .This form of the Murnaghan equation of state is based on the assumption that the bulk modulus is a linear function of pressure.
A third equation of state that has been used to fit Hugoniot data is the linear U,-Up equation [McQueen et al., 1967a] , which leads to
This again is a two-parameter equation of state where Ko and .\ are the parameters to be found from the data.
When the shocked material transforms at high pressure to a new phase, the zero-pressure density, po, of this new phase is usually not known. Thus, equations 1, 2, and 3 become three-parameter equations of state where Po · must also be determined by the shock-wave results. This places severe demands on available shock-wave data, considering the small number of points and the scatter in the highpressure regime. In some cases, the density of the presumed high-pressure phase is known, e.g. stishovite, in the case of shocked quartz. In most other cases, the shock-wave data are the only direct information on the properties of the high-pressure phase.
Our approach will be to fit the Hugoniot data with several values for po. In most cases, an equally good fit can be obtained for a fairly wide range of initial densities, indicating that this parameter cannot be determined with any precision directly from the data. In a later section we will invoke an .empirical relationship between Ko and Po to decide which pa value is most appropriate. An analytic expression for the raw Hugoniot data facilitates the reduction of these data to metastable Hugoniots, adiabats, and isotherms. For example, the difference in pressure at a given p/ Po between the raw Hugoniot data, with the low-density phase as starting material, Stnd the metastable Hugoniot, with the high-pressure phase as the starting material, is [McQueen et al., 1963] [1967a] and Birch [Clark, 1966] . The reader is referred to these two sources for tabulations of the original data.
All the materials tested except MgO, AI.O., Mn02, and possibly eclogite, underwent phase changes at high pressure. The parameters in Table 1 and 2 refer to the high-pressure phase. · A starting density po is assigned, and the BirchMurnaghan parameters Ko and ~ are found by· a straightforward least-squares fit to the raw Hugoniot data; these values are tabulated in columns 2 and 4 of Table I . The Grlineisen ratio, at zero pressure, of the high-pressure phase is determined with Slater's assumption Yo = (11 -4~)/6. The Murnaghan parameters <Po = (Ko/po) and n = (dK/dP) 0 , representing a least-squares fit of equation 2 to the data for an assigned po, are given in Table 2 .
The parameters i/!o and if!o' will be discussed later. The last column in Table 2 gives the pressure range over which the data were obtained. The relative standard deviation of the computed and measured densities is always less than 1% and is usually less than 0.5%. There is very little difference in the goodness-of fit over the adopted range of po. For example, the best fit Murnaghan equation to the iron-rich dunite Hugoniot data with a zero-pressure density of 4.5 g/cm 3 gives a relative standard deviation in density of 0.785%. For an initial density for the high-pressure phase of 4.7 g/cm 3 , the best fit Murnaghan equation has a relative standard deviation of 0.782%. Comparable results are found for all the materials tested. As far as providing an adequate fit to the experimental data, any of the combinations of po, Ko, and ~ or n can be considered equally satisfactory. However, quite different results would be obtained upon extrapolation of differentiation. Note that ~ increases and n decreases as the trial Po is increased. Table 3 gives an example for two starting densities of the computed versus the measured parameters as a function of pressure for the Twin-Sisters dunite. The measured compression (V /Vo), density p, and pressure P are given in the first three columns. The pressure P. at corresponding compressions determined from the best fit Birch-Murnaghan equation with p 0 = 3.90 g/cm 3 is given in the fourth column. The standard deviation in pressure is 28.5 kb or 3.10%. The slope of the fitted Hugoniot (dP/dp) = <I> is given in column five. The parameters of the best fit Birch-Murnaghan equation with po = 3.90 g/cm 3 are g = +0.37 and <I> 0 = 51.6 (km/sec)". The corresponding parameters with Po = 4.00 g/cm 3 are g = +0.20 and <I>o = 65.0 (km/sec) 2
• The computed pressures for this case are within 1 or 2 kb of the values computed previously, and the standard deviation is 28.7 kb or 3.12%. The slope of the Hugoniot, as a function of pressure, is very similar for these two cases. The density and <I> as a function of pressure computed from the best fit Murnaghan equation for these two · densities are given in the last four columns.
Again, the fits are equally satisfactory for both [1967a] give an equation for determining the adiabatic bulk sound velocity from the slope of the Hugoniot.
ESTIMATION oF METASTABLE HuGoNIOT
McQueen et al. [1963] presented a method for correcting observed Hugoniot data of a high-pressure phase to the Hugoniot that would result if the high-density phase were the (metastable) starting material. As formulated by McQueen et al., the correction involves the Griineisen ratio y at high pressure, the transition pressure P1, and the difference of formation energy of the high-pressure and low-pressure polymorphs t::..Eo (see equation 4). M cQueen et al. [1967a] applied this technique in an elaborate. study of twelve rocks of geophysical interest. In previous sections, we have fitted Birch-Murnaghan and Murnaghan equations of state to raw Hugoniot data, uncorrected for the effects of strength, phase changes, and temperature.
In this section we estimate the offset of the metastable from the raw Hugoniot curve and fit the Birch-Murnaghan equation of state to these corrected data.
The difference of the formation energy t:: ..E0 has been estimated from the transition pressures and density changes at the transition read from the raw data; y of the high-pressure phase was arbitrarily taken as unity. The change in entropy at the transition has been ignored. [1965] , isothermal compression.
•Isotherm, this paper. 
ZERO-PRESSURE PROPERTIES OF HIGH-PRESSURE PHASES
A wide range of zero-pressure densities and compressibilities satisfy the high-pressure shockwave data equally well. The range can be considerably narrowed by invoking such physical or intuitive constraints as: (1) The density of the high-pressure phase should be greater than the density of the low-pressure phase; (2) the bulk modulus of the high-pressure phase should be greater than the low-pressure phase; (3) the pressure derivative of the bulk modulus is probably less for the more closely packed phase; ( 4) the bulk modulus probably increases with pressure at sufficiently high pressure. Some of these conditions may be violated, particularly if the high-pressure transformation has not gone to completion.
We invoke the seismic equation of state [Anderson, 1967] , an empirical relationship between the zero-pressure density p 0 , the mean atomic weight M, and the slope, at zero pressure, of the density-pressure curve <Po = (8P/8p)o. A least-squares fit to the ultrasonic data of thirty-one minerals and oxides with mean atomic weights between 18.6 and 33.1 yielded sitions most pertinent to the majority of the shock-wave data. Figure 1 shows the experimental data that lead to this equation of state. Also shown are the recent X-ray results of Mao [1967] ; these values are, of course, measurements of the isothermal bulk modulus. For present purposes we ignore the slight difference between isothermal and adiabatic moduli. The dashed curve is an alternative fit to the data. The slope of this line was taken for convenience as one-third, and its level was adjusted to fit the higherdensity, closely packed structures with compo- pl M = 0.048 '%" 0.12 (Table 3) .
The cross is the zero-pressure density satisfying t/lo =: 0.0475. EHo is taken as 1.0 X 10° ergs/g. 
SHOCK-WAVE EQUATIONS OF STATE
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Density, gm/cm 3 5 Fig. 12 . · Pressure-density Hugoniot for diaba13~. from Centreville, Virginia. E H-0 for diabase is taken as 10 9 ergs/g. Table 4 gives M, po, <I>o, and i/;o for the lowpressure phases of the materials used in the present study and for some other oxides and silicates. For the rocks the presence of pores and cracks complicates the interpretation of both the density and the <I>o and introduces a scatter into the (p/ M) -<I>o relationship. The parameter (po/M)<I>o-1 ' 3 is anomalously low for CaO and slightly lower for the CaO-rich rocks albitite, anorthosite, and diabase than it is for the remaining rocks. The eclogites are, however, also rich in CaO, but the Sunnmore, Norway, sample (M = 22.2) has a higher than average 1/;o, whereas the Healdsburg, California, sample has a near normal value. We will adopt the value of i/;o = 0.0475 as being fairly representative and will assume that the zero-pressure properties of the high-pressur~ phases satisfy (6). An alternative approach would be to assume that the relative changes in the density and <I> between the low-pressure and high-pressure forms of a given material are related by tlpa/ Po = 1/3(.tl<I>o/<I>o) (8) A third approach would be to adopt the M:urnaghan parameter n or the Birch-Murnaghan parameter ~ determined for, say, MgO, which does not undergo a phase change, and then to determine p 0 and K 0 from the shockwave data. This method would be equivalent to the assumption that (dK/dP)o is a universal parameter. Table 5 summarizes the estimated zero-pressure, high-temperature parameters of the shock induced high-pressure phases with the constraint that the density and cpo of the highpressure phases satisfy if;o = 0.0475. Tabulated, for comparison, are the densities that would result if the rocks were made of the pure oxides MgO, FeO, Al20., NaO, and Si02 (stishovite) .. This is simply a convenient high-pressure datum to which the densities of the high-pressure phases can be. referred. The densities of the oxide mixtures are appropriate for room temperature conditions, and the estimated densities of the high-pressure phases are appropriate for temperatures of the order of 1000°K and greater. The individual materials will be discussed in the following sections.
Except for eclogite, the inferred zero-pressure densities and <I> of the high-pressure phases are greater than for the low-pressure phases. The higher-pressure data for the eclogite is probably in a mixed phase region. If eclogite is ignored, the range of <I>o for the high-pressure phases is 45 to 85, compared with the range of 14 to 40 for the open structure silicates, and 31 to 63 for the low-pressure but closely packed oxides. The Murnaghan parameter n and the BirchMurnaghan parameter t for the high-pressure phases constrained by if; 0 = 0.0475 can be estimated from the results in Table 1 . Both of these parameters are related to the pressure derivative of the bulk modulus at zero pressure
and, with Slater's assumptions, to the Griineisen ratio y n = 2')' + 1/3
The Griineisen ratio is a small number that ranges roughly from 1 to 2. The range of the parameter n is therefore about 2.3 to 4.3 and the range of t is about -0.25 to +1.25.
Estimates of Ko, t, n, y, and <I>o from the present work and from ultrasonic and X-ray measurements are given in Table 6 . The data are of variable quality, but several trends seem to have been established. The related parameters n, ~. and y seem to depend both on composition and on crystal structure. The parameter n is quite high for open packed structures such as quartz (6.4), forsterite ( 4.8), and simple cubic compounds CsCI (4.8), TlCl (6.0), and NH,Cl (5.5). It is 4.19 for spinel, and ranges from 2 to 4 for the post-spinels and oxides.
There is a suggestion that in a given crystal structure n and y decrease and ~ increases on iron substitution. This is particularly evident in the post-spine! group where forsterite is the sole exception. The zero-pressure density of the high-pressure form of forsterite is 37% greater than the starting density, compared with the 20-23% density increases for fayalite and the dunites. Forsterite is apparently going to a different, denser phase than other olivine-rich materials; this is consistent with the lower n value. Queen et al. [1967a] . Materials having the same crystal structure are discussed together.
Periclase. This material has been tested by ultrasonic, X-ray, and shock-:wave techniques, and apparently it remains in the starting structure to at least 2llz Mb (Figure 2) . The parameter (dK,/dP) 0 for MgO found by ultrasonic techniques at low-pressure [Anderson and Schreiber, 1965] An alternative method of fitting the postphase change portion of a shock Hugoniot would be to adopt the n or ~ from a well de- Anderson (personal communication), Drickamer et al. [1966 ], Mao [1967 , and this paper. G. McQueen, personal communications) . The ceramic data result in a fairly well defined Hugoniot (Figure 3 ) that extrapolates by the present technique to a density of 3.96 g/cm 3 , which can be compared with the starting density 3.83 g/cm 3 and the theoretical density 3.99 g/cm 3 •
The zero-pressure bulk modulus of the highpressure data is 2693 kb using i/lo = 0.0498. 2505 .kb for the isothermal bulk modulus. Within the accuracy of the X-ray diffraction studies of the ·lattice parameters of Al.Oa [Drickamer et al., 1966] , the compressibility is independe11t of pressure to 300 kb, but the rhombohedral angle increases by about
1120.
The hematite (Figure 4 ) goes through a phase change above 350 kb, the zero-pressure density of which is about 5.80 g/cm 3 , 10% denser than the theoretical density of the lowpressure phase and about 16% denser than the original density of the starting mineral. In the X-ray work, the compressibility of Fe20a increases with pressure to .220 kb, and the rhombohedral angle decreases slightly. The bulk modulus of the high-pressure phase of hematite is about 3250 kb.
The cross on the zero-pressure abscissa of this and the following figures is the zero-pressure density that satisfies i/lo = 0.0475.
Quartz-stishovite. The data of W ackerle [1962] for shocked quartz are shown in Figure  5 . The evidence for the high-pressure phase's being stishovite is summarized by M cQueen et al. [1963] . This is one of the few materials for which the zero-pressure density of the highpressure phase can be determined independently of the shock-wave data. Chao et al. [1962] determined the density of stishovite to be 4.287 g/cm 3
• The zero-pressure density of the highpressure phase, presumably stishovite, found by the present technique is 4.06 g/cm". The scatter of the raw data is considerable, so that this is a severe test of the method.
McQueen et al. [1963] estimated <Po of stishovite to be 100 (km/sec) 2 for an assumed zeropressure density of 4.35 g/cm This remarkable 34% increase in density for an already closely packed, relatively incompressible structure is interesting since the low-pressure form of rutile was the model for Thomson's early suggestion [Birch, 1952] that quartz could transform at sufficiently high pressure to a rutile-like form (stishovite). There is, however, no evidence from shock-wave data for quartz for a phase change to a material denser than stishovite [Al'tshuler et al., 1965] .
Spinel and magnetite. The spine! was a ceramic material with density 3.41 g/cm 8 , compared with the theoretical density of 3.581 g/cm 3
• The magnetite samples were naturally occurring minerals with densities ranging from 5 to 5.14 g/cm", compared with the theoretical density of single-crystal magnetite of 5.21 g/cm". The metastable Hugoniot data indicate that spine! and magnetite undergo phase changes involving 12 and 16% increases in density, respectively, referred to zero pressure. The raw Hugoniot data give density increases of 10 and 13%, respectively. The metastable Hugoniot data give densities for the high-pressure forms of spine! and magnetite that are, respectively, 2 and 7% denser than the oxides (Figures 6  and 7) .
The zero-pressure densities estimated by extrapolating the metastable Hugoniot data for the high-pressure phases are 4.01 and 6.05 g/ cma for spinel and magnetite .. The value of (p/M) (cI> 0 -1 1a) for the low-pressure forms of both spinel and magnetite is 0.0467. If this value is appropriate for the high-pressure phases, the inferred density will be raised by about 0.04 g/cma. These values are 13% (spine!) and 17% (magnetite) denser than the theoretical densities of the low-pressure phases that have the spinel structure and 4% (spinel) and 9% (magnetite) denser than the mixture of oxides. Fayalite and the dunites, which presumably collapse to a spine! structure at high static pressure, apparently go directly to a phase, under shock loading, that has a density very near that of the component oxides. Forsterite, however, goes to a phase about 9% denser than the oxides and about 18% denser than the spinel form.
The two light lines in Figure 6 are fits of the Murnaghan equation of state to the spine! data for two trial zero-pressure densities. They both satisfy the high-pressure data almost equally well. The range for Pn and PK correspond to the range of po indicated at P = 0 by the heavy bar above the zero-pressure axis.
For po = 3.90 g/cm•, n = 4.049, and <Po = 55.6 (km/sec)', the relative standard deviation in density is 0.6%. For po = 3.60 g/cm 8 , n = 5.26, and <P 0 = 29.3 (km/sec) 2 , the relative standard deviation in density is 0.5%.
Pyrolusite. This was a naturally occurring specimen and seemed to be uniform, but there is appreciable scatter in the Hugoniot data (Figure 8 • Assuming no phase change, a long extrapolation of the high-pressure data to o/o = 0.0475 gives a zero-pressure density of 5.09 g/cm 3 with a large uncertainty. Pyrolusite crystallizes in the rutile structure.
Olivines. The fayalite is a naturally occurring specimen from Rockport, Massachusetts; the purity is unknown. The forsterite is a synthetic ceramic. Both undergo phase changes under shock loading. The raw Hugoniot data for the fayalite extrapolated to zero pressure give a density of 5.12 g/cm 3 ( Figure 10 ). The calculated metastable Hugoniot ~xtrapolates to 5.14 g/cm 3 , just slightly less than the 5.29 g/cm" estimated for the density of the pure oxides FeO and SiO. (stishovite) . This represents a 17% increase in density over the theoretical density of fayalite in the low-pressure form.
The density of the high-pressure phase of. the ceramic forsterite (Figure 9 ) is 4.22 g/cm", which is 0.37 g/cm" or 9.6% denser than the component oxides MgO plus Si02 (stishovite). It should be pointed out that the starting forsterite material is 4.4% less dense than theoretical, whereas the starting fayalite material is 2.5% less dense. If it is assumed that the difference is due to porosity, this would result in higher temperatures ·and lower densities in the forsterite experiment, if the high-pressure phases have the same crystal structure.
Forsterite is anomalous when compared with results obtained with fayalite and the dunites, all of which end up near the density of the component oxides. Unfortunately, the data for forsterite are very sparse and the Hugoniot for the high-pressure phase is not well defined. In addition, there is some question about the identification of this material (R. G. McQueen, personal communication) .
The spinel form of forsterite has a density of about 3.54 g/cm", so that the high-pressure form is about 19% denser than the spinel form. This can be compared with the 13 and 17% density increases of spinel and magnetite which start in the spine! structure. The spinel form of fayalite has a density of about 4.85 g/cm", 5.6% less dense than the high-pressure shock phase.
Dunites. These two rocks are over 90% olivine and transform at pressures above 0.45 Mb. Results are comparable to the results of similar composition tested by Trunin et al. [1965] . The Twin Sisters dunite gives a zeropressure density, determined from the metastable Hugoniot of the high-pressure phase, of 3.98 g/cm"; the raw Huboniot data also yield 3.98 g/cm". The high-pressure phase is about 21 % denser than the starting material and has nearly the same density as the component oxides.
The iron-rich dunite from the Transvaal contains 90% by volume of Fa5s or 34 mole % FeO. The density of the high-pressure phase, from the metastable Hugoniot data, is 4.65 g/cm", almost identical to the 4.64 g/cm" for the oxides. This density increase corresponds to a zero-pressure difference of 22.7% . If the original material was free of pores and cracks, the starting densities would be perhaps 1 to 2% higher. Figure 11 shows the data for the Twin Sisters dunite and the fit, for two starting densities, of the Birch-Murnaghan equation of state to the high-pressure data. A wide range of starting densities would fit the high-pressure data equally well.
The heavy horizontal bar below the P = 0 line is the range of po found by the analysis of McQueen et al. [1967a] ; the light horizontal bars indicate the range found for the corresponding metastable Hugoniots.
Diabase. The two diabase rocks give very similar results (Figures 12 and 13) . M cQueen et al. [1967a] discuss the complications of interpretation and point out the anamolous compressibility of this material compared with others they tested. These rocks contain quite a bit of CaO, which, as an oxide, is more compressible than the other common rock-forming oxides. The density of the high-pressure phase, computed as before,is about 3.7 g/cm" or about 21 % denser than the starting 'material, and some 0.4 g/cm" less dense than the oxides. However, the presence of CaO also upsets the relationship between mean molar volume and elastic properties, as first pointed out by Simmons [1964] ; CaO behaves as if it had a smaller mean atomic weight. Taking this into account would raise the estimated zero-pressure densities of the high-pressure phase by about 0.1 to 0.15 g/cm".
There is very good agreement between the metastable Hugoniots calculated here and the more elaborate calculations of McQueen et al. [1967a] . Bronzitite. McQueen et al. [1967a] shocked two bronzitites that had nearly identical compositions. We analyzed the more complete set of data from the Stillwater Complex, Montana (Figure 14 increa.se over tlte siarti1lg dernsity. This is ~1.bo11t 0.1 g/cm 3 less densP than the rr111iYale11t pure oxides and nhont 0.'.2F) g/rm 3 den.;;c'r than .indeitf: plus stishovite. ,Jadeite itself under.goes a phaS('. change above 0.55 l\1b f)i!cQuccn ct al., 19G7a] , bnt, the density increase cannot he established with present data.
The zero-prP;;;stire density of the unorthof'ite (Figure 1.5 
